In this study, the carrier blocking effect on 850 nm InAlGaAs/AlGaAs vertical-cavity surface-emitting layers (VCSELs) was theoretically and experimentally investigated. By means of inserting a high-bandgap electron blocking layer, which was either 10 nm thick Al 0.75 Ga 0.25 As or 13 nm thick Al 0.9 Ga 0.1 As, on the p-side of a quantum-well active region, the laser output performance was theoretically found to be improved. VCSELs with and without an electron blocking layer were also experimentally demonstrated. It was found that the threshold current was reduced from 1.47 to 1.33 mA and the slope efficiency was increased from 0.37 to 0.53 mW mA −1 by inserting a 10 nm thick Al 0.75 Ga 0.25 As electron blocking layer. Also, the device became less sensitive to the device temperature, where the amount of increase in the threshold current at an elevated temperature of 95
Introduction
VCSEL devices have become the standard in free-space optical communication and local area networks. These surface emission laser devices possess a low divergent angle and circular beam, which lead to simple packaging and low electrical power consumption. The surface emission from the VCSELs also assists the integration of two-dimensional laser array and the facilitation of wafer level testing [1] [2] [3] . For VCSEL with 850 nm emission, several methods had been developed to achieve better output performance, including using a strained InGaAsP active region [4] [5] [6] and shaping the light-emitting aperture to obtain a high-power singlemode operation [7, 8] . The use of InGaAs or quaternary InAlGaAs quantum wells (QWs) that provided a reasonable compressive strain level had been found to possess a lower threshold current and higher modulation speed [9] [10] [11] [12] . It was well known that high output power, low threshold current and especially high temperature stability were the major concerns in semiconductor lasers. While most focus has been put on the enhancements of the reduction in the threshold current, the elevation in modulation frequency response and the highpower operation, the progresses of improving high temperature performance and qualitative analysis in 850 nm VCSELs have been delayed to follow in recent years. The high temperature performance is indubitably related to the amount of current confined in the active region, which means that the high temperature performance in a laser device can be improved by raising the conduction band offset near the QW active region. Mostly, a thin high-bandgap layer can be grown after the growth of the QW active region to prevent electrons from overflowing out of the QWs [13] [14] [15] , and hence the carriers can be confined effectively to contribute to stimulated emission. In prior work, we demonstrated 850 nm VCSELs with less temperature sensitivity by inserting a high-bandgap electron blocking layer on the p-side of the InAlGaAs/AlGaAs active region [16] . In this study, the experimental and theoretical analysis of the carrier blocking effect on 850 nm VCSELs was investigated. The simulations were performed by an advanced photonic integrated circuit simulator in three dimensions (PICS3D), which solves the semiconductor and optical wave equations to provide an accurate description of the laser device characteristics. It is a useful tool to access new designs or to optimize existing devices after calibrating with specific materials [17] . VCSELs with carrier blocking layers of 10 nm thick Al 0.75 Ga 0.25 As and 13 nm thick Al 0.9 Ga 0.1 As were demonstrated and the performances were discussed.
The physical model and simulation discussion
A schematic plot of the VCSEL devices with and without a high-bandgap electron blocking layer is shown in figure 1 . The devices were assumed to be on the GaAs substrate with a 0.5 µm thick GaAs buffer layer having an n-doping level of 1 × 10 18 cm
. The bottom and top distributed Bragg reflectors (DBRs) consisted of 39 pairs and 21 pairs Al 0.15 Ga 0.85 As/Al 0.9 Ga 0.1 As, which had 99.93% and 99.73% reflectivity, respectively. The active region, which was surrounded by one-wavelength-cavity Al 0.6 Ga 0. 4 ) and a heavily doped GaAs (p = 2 × 10 19 cm −3 ) contact layer were ultimately put to complete the structure. Three VCSEL devices A, B and C were presented and compared in this study, in which device A was a conventional design, without containing a high-bandgap electron blocking layer on the p-side of the QW active region. Both devices B and C were designed to have an electron blocking layer, in which the material was chosen as AlGaAs with higher Al content because of its natural lattice match to GaAs. The electron blocking layers in devices B and C were 10 nm thick Al 0.75 Ga 0.25 As and 13 nm thick Al 0.9 Ga 0.1 As. For all three devices, the detuning between the QW spontaneous emission and the cavity was 12 nm, where the dip of Fabry-Pérot was 850 nm. The oxide aperture for the three devices was 7 µm in diameter.
The numerical simulation in the present work was executed with the use of the PICS3D program, which could be used to access the optimization of the existing devices by calibration of a specific material. In this program, the valenceband structure, which included the coupling of the heavy-hole (HH), the light-hole (LH) and the spin-orbit split-off bands, was calculated by a 6 × 6 Hamiltonian with envelop function approximation [18] . The optical gain spectra with the valenceband-mixing effect could be expressed as [19] 
where t is the thickness of the QW and =h/τ scat is the broadening due to intraband scattering relaxation time τ scat . E cj is the jth conduction subband and E kpi is the ith valence subband from the k · p calculation. The sum is over all possible conduction and valence subbands. g 0 = πq 2h /ε 0 cm 2 0 n is a constant with all symbols having their usual meanings. M b is a dipole moment.
The illustration of electrical behaviour of a VCSEL in this study was governed by Poisson's equation:
The current continuity equations for electrons and holes were 
where V is the electrostatic potential and n and p are the electron and hole concentrations. J n and J p denote the carrier flux density. N is the doping impurity where the subscripts D and A are used to denote donor and acceptor, respectively. R represents the recombination rate and G is the generation term. The electron and hole concentrations were defined by FermiDirac distribution and a parabolic density of state. For QWs, the following equations were given to express the density of electrons and holes in a QW:
where the subscript i denotes all confined states for different hole bands and j denotes those for the and L bands. The number of unconfined carriers was calculated using FermiDirac statistics. For current transport across the junctions, the thermionic emission theory [20] , defined by
is used, where γ hn and γ hp are the correction constants,v is the thermal recombination velocity, n b and p b denote the electron and hole concentrations on the barrier side of the junction and n b0 and p b0 are the corresponding concentrations when the quasi-Fermi levels are the same as those on the opposite side. These equations ensure that the net current is zero when the quasi-Fermi levels on both sides of the barriers are the same. The quantum tunnelling effect is only taken into account when solving the carrier transport in the multiplequantum-well active region; however, it is neglected when solving the carrier transport in the bulk region, including the electron blocking layer.
The material parameters of the binary semiconductors could be found in table 1. The unstrained InAlGaAs bandgap energies could be expressed as a weighted sum of the bandgap energies of relevant ternary semiconductors with appropriate bandgap bowing parameters. Specifically, the unstrained InAlGaAs bandgap energies were calculated by following expressions [21] :
where x, y and z = 1 − x − y represent the compositions of Ga, Al and In in the InAlGaAs material system, respectively. The bandgap bowing parameters of AlGaAs, InAlAs and InGaAs were 0.127 + 1.310y, 0.70 and 0.477 eV, respectively. The temperature-dependent bandgap energies of the binary semiconductors were calculated using the Varshni formula [22] . The conduction band offset for the compressively strained InAlGaAs/AlGaAs QW was assumed to be 67% of the total band offset [23] . For the treatment of device heating, the thermoelectric power and the thermal current induced by temperature gradient are solved utilizing the method provided by Wachutka [24] . Various heat sources, including Joule heat, generation/recombination heat, Thomson heat and Peltier heat, are taken into account in this specific study. During the simulations, the VCSEL devices were built up layer by layer except for the stepped Al 0.15 Ga 0.85 As/Al 0.9 Ga 0.1 As DBRs which were assumed to be a bulk layer having an averaged Al content with the same thickness under simulation efficiency concern. It was convenient and might not influence the qualitative simulation results in this study because we specifically focused on the carrier blocking effect on the VCSEL devices by employing a high-bandgap layer on the pside of the QW active region. The room temperature (RT) light output and voltage versus current (L-I -V ) characteristics of the devices A, B and C studied in simulation are shown in figure 2. It was found theoretically that the threshold current was slightly reduced and the laser output power at the high current injection region was enhanced by inserting a 10 nm thick Al 0.75 Ga 0.25 As electron blocking layer in device B. However, when the electron blocking layer was substituted to be a thicker (13 nm) and higher Al content Al 0.9 Ga 0.1 As layer, the threshold current in device C was increased in the opposite way. Nevertheless, the slope efficiency and the maximum output power at roll over point in device C were improved. The decreased threshold current in device B should be attributed to the increase of optical confinement factor value, and hence enhancing the radiative and stimulated recombination in the QWs. The values of optical confinement factor for devices A, B and C were 2.812%, 2.853% and 2.869%, respectively. For device C, even the value of optical confinement factor was the highest among the three devices, the holes in the valence band would meet a higher and thicker barrier when injecting into QWs because of the higher Al content and the thicker electron blocking layer.
To further explain the difficulty of hole injection into QWs when using a 13 nm thick Al 0.9 Ga 0.1 As as an electron blocking layer in device C, the expanded energy band diagram near the QW active region is shown in figure 3 . The diagram was obtained at RT with an applied voltage of 2.1 V (10 mA). The left-hand side of the diagram shows the n-side of the VCSEL device, and the dashed lines represent the quasi-Fermi levels. It was shown that the high-bandgap Al 0.9 Ga 0.1 As layer was on the p-side of the QW active region. And, because the electrons have higher mobility than the holes, the Al 0.9 Ga 0.1 As layer can act as an electron blocking layer to prevent electron leakage and hence improve the laser performance at high current injection. However, the increased barrier height in the valence band would result in the difficulty of hole injection into QWs when the device was at lower current injection and therefore increasing the threshold current. Next, the electron leakage current as a function of the input current and the device temperature was discussed. In this study, the percentage of the electron leakage current was defined as the ratio of the current overflowed to the p-type layer to that injected into the devices. As an example of device A, the percentage of the electron leakage current as a function of the input current when the device temperature was in a range of 25-95
• C is indicated in figure 4 . Higher percentage of the electron leakage current was found when the input current was increased, and the percentage of the electron leakage current increased rapidly when the device temperature increased. It is reasonable because the electrons will have higher kinetic energy and the probability of electrons overflowing away from the QWs is increased when the device temperature increases. The percentage of the electron leakage current as a function of the device temperature for devices A, B and C is shown in figure 5 . The total input current for all three devices was 10 mA and the device temperature under discussion was in a range of 25-95
• C. We found that the percentage of the electron leakage current could be apparently reduced using a high-bandgap AlGaAs layer. Therefore, as depicted from the simulation results, the laser output performance of a 850 nm VCSEL can be improved by inserting a high-bandgap electron blocking layer to reduce the electron leakage current. Especially, a 10 nm thick Al 0.75 Ga 0.25 As may be appropriate because of the reduced threshold current and better laser output performance under high temperature operation.
Device fabrication and characteristics
After numerically investigating the carrier blocking effect on 850 nm VCSELs, we tried to fabricate the devices experimentally in accordance with the simulations. All the three devices A, B and C were prepared on n-type GaAs (1 0 0) substrates by low pressure (50 Torr) metal-organic chemical vapour deposition (MOCVD) with group-V precursor of arsine (AsH 3 ). Trimethyl (TM) sources of aluminium (Al), gallium (Ga) and indium (In) were used for group-III precursors. The dopant sources for n and p types were SiH 4 and CBr 4 . Epitaxial device structures were all consistent with the designs in simulation. The growth rate, compositions and doping concentrations in each layer were carefully determined by a series of samples. The growth temperature of the n-type DBRs and the active region was 720
• C and that of the p-type DBRs was 670
• C. The detuning between the photoluminescence (PL) emission and the cavity was also aligned to 12 nm. After epitaxy, the fabrication process began from depositing a 1.3 µm thick SiN x layer, which acted as a hard mask in the following process, onto the wafer by plasma-enhanced chemical vapour deposition (PECVD) at 300
• C. Standard photolithography and reactive ion etching (RIE) using SF 6 with a flow rate of 20 sccm as etching gas were then performed to define etching pattern on the hard mask. Trench mesa etching by Cl 2 with a flow rate of 2 sccm and Ar plasma were performed to transfer the mask pattern onto the wafer. The etching depth was cautiously controlled to penetrate the active region, and the 30 nm thick Al 0.97 Ga 0.03 As aperture layer was exposed for selective oxidation in 400
• C stream environment. After oxidation, the residual dielectric was removed and a second 150 nm thick SiO 2 by PECVD was deposited for passivation, followed by a partially etched process for contact window. Ti (30 nm)/Pt (50 nm)/Au (200 nm) were deposited onto the heavily p-doped GaAs contact layer for p-contact, and AuGe (50 nm)/Ni (20 nm)/Au (350 nm) were deposited for n-contact.
For each design of the fabricated VCSELs, nine devices were randomly selected to measure the output characteristics, and the discrepancy of the nine devices for each design was negligibly small. Figure 6 shows the RT L-I -V characteristic of the fabricated VCSELs for devices A, B and C. The oxide aperture for all the three devices was 7 µm in diameter and was determined from a series of calibration samples having similar structure design. In device A, a threshold current of 1.47 mA with a slope efficiency of 0.37 mW mA −1 and a threshold voltage of 1.85 V were obtained. The L-I curve started to roll over at about 2.8 mW as a result of internal heating effect. In device B, the laser output performance was found to be improved by inserting a 10 nm thick highbandgap Al 0.75 Ga 0.25 As electron blocking layer, as indicated in the simulations. The threshold current of device B was reduced to 1.33 mA with a slope efficiency of 0.53 mW mA −1 , while a maximum power of 4.7 mW was achieved. However, it was found in device C that the threshold current increased to 1.87 mA and the slope efficiency became 0.26 mW mA the high-bandgap electron blocking layer. The decreased output performance might be attributed to the higher resistance during the device process and the small distance between the Al 0.9 Ga 0.1 As electron blocking layer and the QWs that degraded the crystal quality during the oxidation process. The increase of the threshold current in device C might also be partially due to the difficulty of hole injection into QWs from numerical simulation analysis. The discrepancy of the slope efficiencies between theory and experiment may be attributed to the fact that the thermal behaviour of a VCSEL is difficult to characterize in theoretical calculation. Figure 7 shows the experimental temperature-dependent variation of the threshold current and slope efficiency of devices A, B and C. As compared with the standard design of device A, device B showed a less temperature-sensitive output performance, where the amount of increase in the threshold current at an elevated temperature of 95
• C was only 0.27 mA and the slope efficiency dropped by only 24.5%. The threshold current of device A increased to 2.17 mA with a slope efficiency reduction of 32% when the substrate temperature was 95
• C. For device C, the increase of the threshold current was from 1.85 to 2.01 mA with a slope efficiency reduction of 43% when the substrate temperature increased from 25 to 95
• C. The measured RIN value of the devices is shown in figure 8 , where the solid lines are the fitting curves in accordance with the RIN transfer function:
where f r represents the resonant frequency and r is the damping rate. The RIN illustrated the maximum available amplitude range for signal modulation and served as a quality indicator of a laser. The value of RIN could be thought as a type of inverse carrier-to-noise ratio measurement and could be defined as the ratio of the mean-square optical intensity noise to the square of the average optical power. The RIN values of the three devices were obtained in a bias current range of 2-5 mA. As the bias current increased, the peak RIN frequency responses of the three devices increased respectively, and a frequency response of 8.5 GHz for device A, 8.9 GHz for device B and 8.7 GHz for device C was obtained when the bias current was 5 mA. The results also suggest that the insertion of an electron blocking layer to reduce the electronic leakage current and improve the light output performance does not deteriorate the frequency response.
Conclusion
In summary, we had theoretically and experimentally investigated the carrier blocking effect on the output performance of 850 nm InAlGaAs/AlGaAs VCSELs. The results obtained theoretically indicated that the output performance could be enhanced by inserting a carrier blocking layer on top of the QW active region to reduce the electron leakage current. The VCSELs with and without a carrier blocking layer were also fabricated experimentally. It was found that a 10 nm thick Al 0.75 Ga 0.25 As should be the better candidate for the electron blocking layer because of the reduced threshold current, higher slope efficiency and better stable laser output performance under high temperature operation.
